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We show that the neutron star in the transient system MXB 1659-29 has a core neutrino luminosity
that substantially exceeds that of the modified Urca reactions (i.e., n + n → n + p + e− + ν¯e and
inverse) and is consistent with the direct Urca (n→ p+ e−+ ν¯e and inverse) reaction occurring in a
small fraction of the core. Observations of the thermal relaxation of the neutron star crust following
2.5 years of accretion allow us to measure the energy deposited into the core during accretion,
which is then reradiated as neutrinos, and infer the core temperature. For a nucleonic core, this
requires that the nucleons are unpaired and that the proton fraction exceed a critical value to
allow the direct Urca reaction to proceed. The neutron star in MXB 1659-29 is the first with a
firmly detected thermal component in its X-ray spectrum that needs a fast neutrino cooling process.
Measurements of the temperature variation of the neutron star core during quiescence would place
an upper limit on the core specific heat and serve as a check on the fraction of the neutron star core
in which nucleons are unpaired.
The composition and phases of matter at low tempera-
ture and supranuclear density are fundamentally impor-
tant to our understanding of QCD under extreme con-
ditions and in astrophysics. Such matter is found in the
cores of neutron stars, and observations of the surface
emission of neutron stars allows us to infer their internal
temperatures and hence the efficiency of neutrino cooling
in their interiors. The neutrino emissivity depends on the
composition of the core and whether the constituent par-
ticles are paired, forming a superfluid state [1, 2]. There-
fore observations showing that rapid neutrino cooling is
operating would have important implications for our un-
derstanding of dense matter [3, 4].
It is useful to classify neutrino emissivities based on
their temperature dependence. The first is fast, or direct
Urca-like reactions (n → p + e− + ν¯e and inverse), for
which the emissivity fast = QfT
6
8 . Here we use the nota-
tion T8 ≡ T/108 K. The coefficient Qf is a weak function
of the baryon density but depends on the phase structure:
Qf ' 1035–1036 erg km−3 s−1 for nucleon direct Urca in
normal nuclear matter [5], Qf ' 1032–1035 erg km−3 s−1
for nucleon direct Urca in the presence of a meson con-
densed phase [6, 7], and Qf ' 1034–1036 erg km−3 s−1 for
direct Urca reactions in quark matter [8, 9]. The second
class, intermediate in strength, are Cooper pair breaking
and formation (PBF) processes, for which int = QiT
7
8
and Qi ' 1028–1029 erg km−3 s−1 × FPBF(Tc/T ). This
intermediate process only operates in regions where T .
Tc, Tc being the critical temperature for neutron super-
fluidity, since FPBF(Tc/T ) → 0 otherwise [10–12]. The
third class are slow, or modified Urca-like reactions [13],
for which slow = QsT
8
8 and Qs ' 1028–1029 erg km−3 s−1
is again a weak function of the baryon density.
It is not known if direct Urca occurs in neutron stars
because the reactions are blocked by momentum conser-
vation unless the proton fraction exceeds a critical value,
Yp = 0.11–0.15 [5]. Further, pairing of protons or neu-
trons in the core would suppress the direct Urca reac-
tions, so that the neutrino luminosity emitted by the di-
rect Urca process also depends on the density dependence
of the pairing energy. The classical test for the presence
of enhanced cooling is to observe a sample of isolated
cooling neutron stars [for a catalog, see Ref. 14, and
references therein] and compare with theoretical cool-
ing models [for a review, see 1, 2]. Of these, some may
need enhanced emission [15]. Accreting neutron stars in
low mass X-ray binaries have been used to place con-
straints on the neutrino emissivity of the neutron star
core [16]. For transient accretors, the neutron star core
comes into thermal balance between accretion-induced
heating and neutrino cooling. During quiescence, when
the accretion halts, the surface temperature can be mea-
sured and used to infer the core temperature. For two
systems, SAX J1808.4-3658 and 1H 1905, there are only
upper limits on the thermal emission from the neutron
star in quiescence [17, 18]. These upper limits are strin-
gent enough to suggest that fast neutrino cooling is oper-
ating, but the thermal emission from these stars has not
been directly detected.
The low mass X-ray binary MXB 1659-29 went into
quiescence in 2001 after a 2.5 year outburst [19]. Obser-
vations with Chandra and XMM over the next 15 years
showed a declining neutron star surface temperature [20–
23]. MXB 1659-29 had previously been in outburst 21
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2years earlier [see 21, and references therein]. In 2015,
a new outburst was reported [24], providing a second
chance to follow the cooling of the source when it goes
back into quiescence. Here we show that if the outburst-
quiescent cycles observed to date represent the long-term
average (over the thermal timescale of the core [25]) ac-
cretion behavior of the source, then the core neutrino
luminosity must be a fast cooling process consistent with
direct Urca reactions occurring in ∼ 1% of the neutron
star core.
Before presenting detailed numerical calculations, we
first give a basic argument. Nuclear reactions in the
crust (where the density is below saturation) during ac-
cretion deposit [see, e.g., 26] ≈ 2 MeV per accreted nu-
cleon (about 2 × 1018 erg g−1). Over the 2.5 year out-
burst of MXB 1659-29, the neutron star accumulated
a mass ≈ 8 × 1024 g; as a result, the total energy de-
posited by these crust reactions during the outburst is
E ≈ 2× 1043 erg. Most of this heat is conducted into the
core. If the core is in a long-term thermal equilibrium—
established over the previous ≈ 3–30 outbursts for the
cold core of this source—this deposited energy is radi-
ated by neutrinos between outbursts, giving a neutrino
luminosity of 2× 1043 erg/20 yr ≈ 3× 1034 erg s−1. With
knowledge of the core temperature, we can use this lu-
minosity to constrain the neutrino emission process.
Ref. [27] used the observed effective temperature, after
the crust had thermally relaxed, of 55 eV [28] to derive
a redshifted core temperature T˜ = 2.5 × 107 K. (The
redshifted core temperature, denoted by T˜ , is the tem-
perature measured by an observer at infinity, and is the
quantity that is uniform over an isothermal core.) For
fast neutrino cooling, Lν ∝ T˜ 6, we infer that
Lν ≈ 1038 erg s−1T˜ 68 . (1)
The temperature in a local frame is T = T˜ e−φ, where
φ ≡ 12 ln g00 ≈ −0.5 is the gravitational potential found
by integrating the Tolman-Oppenheimer-Volkoff equa-
tion [for details, see 27]. We compare Eq. (1) with
the integral of the emissivity for direct Urca, ν,dU ∼
1036 erg km−3 s−1T 68 , over a volume VdU. For direct Urca
reactions, having only the innermost ≈ 3 km (. 2% of
the volume of the core) of the neutron star above thresh-
old is sufficient to supply this neutrino luminosity. Con-
versely, an emission process that is . 10−2 as strong as
direct Urca cannot supply the required neutrino luminos-
ity, even if it were acting over the whole core volume.
Since the inferred core temperature is small, slow reac-
tions with rates ∝ T 8, such as the modified Urca, nn→
npe−ν¯e, np → ppe−ν¯e, and their inverses, are greatly
suppressed, relative to the direct Urca rate, by a factor
≈ 10−1(mn/mpi)4(kBT˜ /mnc2)2 ' 10−7 at T˜ = 108 K.
Here mn and mpi denote the neutron and pion masses.
Similarly, even if relatively large regions of the star were
able to sustain the intermediate class of PBF neutrino
reaction reactions with Lν,PBF ∝ T˜ 7 the integrated neu-
trino luminosities would be too small. This large dif-
ference between neutrino luminosities at the low inferred
core temperature allows us to unambiguously identify the
occurrence of rapid cooling in MXB 1659-29.
To confirm this estimate, we calculated a time-
dependent model of the response of the core to many
accretion outbursts. Our calculation follows the crust
physics in detail [29], but represents the core as a single
zone with a total heat capacity and neutrino luminos-
ity. This is reasonable as the thermal diffusion timescale
of the core is  1 yr (rescaling eq. [16] of Ref. [27] to
T˜8 = 0.25). To find the long-term steady state, we
started with a guess for the core temperature just be-
fore the first outburst, ran a sequence of 50 outbursts
(∼ 1000 yr) and allowed the core to come into equilib-
rium. Once the equilibrium core temperature was de-
termined, we reran the sequence of outbursts with the
equilibrium core temperature as a starting point. We
repeated this sequence, adjusting other parameters such
as the crust impurity parameter to fit the observed cool-
ing curve for MXB 1659-29. Although we used a uniform
outburst accretion rate and identical outburst/recurrence
durations, we find that our conclusions are not sensi-
tive to this choice [cf. Ref. 27]. The results are shown
in Fig. 1. We find that a core neutrino luminosity of
2.1 × 1038 erg s−1 T˜ 68 provides a good fit (luminosities
are given as measured by an observer at infinity).
To assess the range of allowed values for Lν/T˜
6
8 , we
fit the observed X-ray emission using a Markov Chain
Monte Carlo algorithm. For these runs, we calculated
only one outburst and kept the core temperature fixed
during the simulation. By measuring the total energy
conducted into the core during outburst and quiescence,
we then calculated the neutrino luminosity required for
the core to be in equilibrium at the assumed core tem-
perature. To test the robustness of our inference about
Lν/T˜
6
8 , we calculated three cases with different assumed
priors. The resulting posterior distributions of Lν/T˜
6
8 are
shown in Figure 2. The first uses a prior for the impurity
parameter Qimp (a higher Qimp implies a lower thermal
conductivity, and hence a longer thermal relaxation, of
the crust) that is uniform in log10 Qimp (as was done
in Ref. [27]). Because this gives much greater weight to
Qimp  1, low values of surface gravity are preferred.
While massive neutron stars (as needed to achieve the
high densities required for direct Urca reactions) are al-
lowed, they also need to have large radii to produce a
low surface gravity. If instead we use a prior that is
uniform in Qimp, the range of surface gravity broad-
ens and allows for more compact massive neutron stars.
For the uniform prior on Qimp, we find a best-fit value
log10 Lν/T˜
6
8 = 38.2 ± 0.22, corresponding to a central
value of 1.6×1038 erg s−1 with a 1-sigma standard devia-
tion of a factor of 2 in each direction. In Fig. 2, the green
histogram shows what happens when we impose a lower
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FIG. 1. An example model in long term equilibrium with
core neutrino emissivity Lν = 2.1× 1038 erg s−1 T˜ 68 and core
heat capacity C = 1037 erg K−1 T˜8. We assume identical 2.5
year outbursts and that the source spends 5500 days (≈ 15
years) in quiescence. The observations are indicated as black
points; in the last observation (grey point) the count rate
decreased, which may be due either to increased absorption
or to cooling. We assume that the neutron star temperature
remains unchanged in our fits. Other parameters are: M =
1.6 M, R = 11.2 km, Qimp = 3.3. After ≈ 2000 days into
quiescence, when the crust has come into thermal equilibrium
with the core, the effective temperature continues to decline
as the core cools, at a rate ∆T∞eff /T
∞
eff ≈ 6.5% per decade.
limit of 2 M on the mass. In all cases, the preferred
neutrino luminosity is Lν/T˜
6
8 ∼ 1038 erg s−1.
The last observation, approximately 4000 days after
the end of the outburst had a decrease in the X-ray count
rate. There are two possible explanations, with different
implications for the inferred T∞eff , as indicated by the two
grey points in Fig. 1. The neutron star surface tem-
perature may have cooled to a lower value < 50 eV [23].
This could be due to relaxation of the nuclear pasta layer
[30, 31]. The observed decrease in X-ray count rate can
also be explained by an increased X-ray absorption from
matter accumulating in a disk within the binary (see dis-
cussion in Ref. [23]). In the fits above, we assume that the
neutron star temperature remained unchanged at 55 eV
(upper grey point). A lower core temperature of 50 eV
(lower grey point) would increase our inferred cooling
rate L/T˜ 68 by approximately a factor of two.
The derivation of the core temperature from the ob-
served effective temperature depends on the composition
assumed for the neutron star envelope. We have assumed
a light element (He) envelope, giving a core temperature
of T˜ = 2.5 × 107 K for the observed effective tempera-
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FIG. 2. Posterior distribution of the neutrino cooling prefac-
tor Lν/T˜
6
8 (see Eq. [1]) from the MCMC fits to the MXB 1659-
29 cooling curve. To illustrate the robustness to different
prior assumptions, we show results for three different priors:
uniform in log10 Qimp (black curve), uniform in Qimp (blue
curve), and uniform prior in Qimp with the further restriction
that M > 2 M (green curve).
ture of 55 eV. A heavy element (Fe) envelope gives a
larger core temperature T˜ = 5.5× 107 K [27, eq. (5)], re-
ducing the inferred value of Lν/T˜
6
8 by a factor of ∼ 100.
However, as discussed in Ref. [27], the envelope compo-
sition changes the shape of the cooling curve. In the
case of an Fe envelope, the hotter crust gives a much
smoother decline in temperature [27, Fig. 1]. By varying
other parameters, we can find acceptable fits to the data
with an Fe envelope, but only by increasing the accretion
rate (and therefore deep crustal heating rate) by a factor
of 5–10, which would be inconsistent with the observed
persistent X-ray luminosity during outburst. In addi-
tion, a light element envelope accretes quickly (∼ 104 s
at typical mass accretion rates) and is therefore more
likely to be left over at the end of the accretion out-
burst. We therefore use a light element envelope in our
fits. A heavy element envelope was used in Ref. [32],
who placed MXB 1659-29 in the diagram of quiescent lu-
minosity against time-averaged accretion rate. Although
our use of a light element envelope does not change the
location of the contours of neutrino emissivities by a sub-
stantial amount in this diagram [. 2; see Ref. 1], it has
a significant effect on the inferred value of Lν/T˜
6.
The effective temperature 55 eV was obtained assum-
ing that the distance to MXB 1659-29 is 10 kpc [28]. A
30% larger distance [33] gives Teff larger by ≈ 7% [22]
and T˜ larger by ≈ 15%. The resulting factor of 2–3 in
T˜ 6 is offset by an increased inferred accretion rate and
heating rate for a larger distance, so that overall we ex-
pect distance uncertainties to affect our inferred Lν/T˜
6
by less than a factor of 2.
Monitoring observations of MXB 1659-29 when in qui-
escence, after its crust has thermally relaxed, can con-
strain the core specific heat. The cooling ∆T∞eff /T
∞
eff over
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FIG. 3. Constraints on possible values of the specific heat
C and neutrino luminosity Lν ∝ T˜ 6 for the T˜ evaluated at
the best-fit core temperature from out MCMC fits. The lower
dark curve and vertical dark line indicate the minimum spe-
cific heat and maximum neutrino luminosity compatible with
T˜ . The vertical gray region indicates the inferred Lν . The
horizontal grey regions indicate possible core specific heats.
The curves marked C = 2E/T˜ and Lν = Lin, where Lin is the
heating rate during outburst, indicate limits on the specific
heat and neutrino luminosity: the neutron star lies above and
to the left of these curves. The inferred Lν , for a uniform prior
on Qimp (blue histogram, Fig. 2), is indicated by the vertical
grey band. The plot also shows the specific heat for scenarios
in which the nucleons are unpaired throughout the core (up-
per gray band) and in which the nucleons are fully paired, so
that only leptons contribute to the specific heat (lower gray
band). The bands indicate the ranges of specific heat, com-
puted using the models in Ref. [27]. The dashed lines indicate
∆T∞eff /T
∞
eff over a decade of cooling post-outburst.
some fixed time is ∝ Lν/C [27] (Fig. 3, dashed lines)
for an inferred T˜ and E. Figure 3 shows that any con-
straint on cooling after the next outburst will constrain
the heat capacity of the core. For example, if the decrease
in effective temperature, after the crust has thermally re-
laxed, is . 1%, then a large fraction of the nucleons in
the core should be normal (upper horizontal gray band),
with C/T˜8 & 1038 erg K−1. Conversely, if the core cools
significantly (& 4%) during quiescence, this would sug-
gest that most of the nucleons are paired and the specific
heat is . 1037 erg K−1 (lower horizontal gray band). Fur-
ther modeling will be needed to separate cooling of the
pasta layer [30, 31] from that of the core.
The direct Urca reactions require unpaired nucleons
and a sufficiently large proton fraction. The proton frac-
tion in neutron stars is controlled entirely by the poorly
known density dependence of the symmetry energy, while
the critical temperature for superfluidity and supercon-
ductivity is delicate and exponentially sensitive to the
details of the assumed nuclear interactions. Requiring
nuclear matter to be normal constrains the heat capac-
ity of the core, and provides a consistency check for nu-
clear models. Since the volume VdU over which the di-
rect Urca reaction operates is ≈ 1% of the core, a large
specific heat—indicated by ∆T∞eff /T
∞
eff . 1%—would im-
ply that the volume of the core with normal matter is
Vnrml  VdU. Having the onset pressure be ≈ 5% below
the central pressure of the neutron star would generate a
sufficient VdU to supply the required neutrino luminosity.
Conversely, if ∆T∞eff /T
∞
eff & 4%, then most of the neu-
trons in the star are in a superfluid phase, Vnrml ≈ VdU,
and it is likely that the onset of direct Urca reactions is
controlled by the closing of the neutron superfluid gap
rather than by the proton fraction reaching the direct
Urca threshold.
Assuming that fast cooling with Qf =
1036 erg km−3 s−1 turns on above a given threshold
density (and hence mass), MXB 1659-29 is ≈ 0.03M
above the threshold mass, for typical equations of state.
The transition may be broadened, however, over a range
in density [see Refs. 34]; alternatively, the efficiency of
the direct Urca reaction could be suppressed due to
many-body effects. A value of Qf = 10
35 erg km−3 s−1,
expected if the nucleon effective masses were signifi-
cantly reduced at high density and if screening of the
axial charge and two-body currents became important,
would imply that the neutron star is not so close to
the threshold mass. Proton pairing may persist with a
critical temperature Tc & 107 K over a significant volume
in the core; the resulting suppression of the direct Urca
rate by the factor ' e−Tc/T would favor a larger effective
direct Urca volume.
Other reactions could also be responsible for the neu-
trino losses, for example Urca reactions in the presence of
a pion condensate or emission from unpaired quark mat-
ter. Both of these processes can cool the star rapidly,
with a rate that scales as T 6. The prefactor Qf for these
rates, although poorly known, is expected to be smaller,
however, than direct Urca. If Qf ≈ 10−1 of direct Urca
then these novel phases of matter would be compatible
with observations of MXB 1659-29. If, on the other hand,
Qf ≈ 10−2 of direct Urca, pion condensation or unpaired
quark mater are viable if most of the core were active,
i.e., if the onset density for this cooling were close to sat-
uration. Such a low onset density would imply, however,
that MXB 1659-29 is significantly more massive than the
observed slow-cooling neutron stars. The neutrino lumi-
nosity of the transient neutron star KS 1731-260, for ex-
ample, is < 10−3 of the direct Urca luminosity [27]. The
upper limits on thermal emission from SAX J1808.4-3658
[1, 18, 25, 32, 34] and 1H 1905+00 [17] imply, however,
that neutron stars with much larger fast cooling volumes,
and hence much higher central densities and masses, than
MXB 1659-29 exist. We will explore the dependence on
the equation of state in a future paper.
We have shown that with three observed, regularly
spaced accretion outbursts and a measured core temper-
ature, the neutron star in MXB 1659-29 has a neutrino
luminosity consistent with direct Urca reactions occur-
5ring in ≈ 1% of the neutron star core. Taken together
with KS 1731-29 [27], our work is further evidence that
neutrino cooling in neutron star cores can be either fast
or slow. Observations of the neutron star’s effective tem-
perature, now that the source has returned to quiescence,
will measure the heat capacity of the core, and help to
untangle the physics underlying the neutrino luminos-
ity. The fraction of unpaired normal particles implied
by the heat capacity (Fig.3) will distinguish whether the
direct Urca threshold is achieved only towards the cen-
ter of the star, or whether superfluidity suppresses direct
Urca throughout much of the core. This motivates an
improved calculation of the direct Urca rate, which we
shall address in a forthcoming publication.
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